The DNA sequences of a region that includes the hisA gene of two related methanogenic archaebacteria, Methanococcus Methanogens are members of the archaebacteria, a group of prokaryotic organisms exhibiting several properties that are distinct from those seen in either eubacteria or eukaryotes (1, 2). Therefore, it was somewhat surprising when it was found that DNA cloned from several methanogenic species could complement auxotrophic mutations in Escherichia coli, Bacillus subtilis (3-6), and Salmonella typhimurium (unpublished results). In the case of two methanogens of the genus Methanococcus (vannielii and voltae), it was possible to clone methanogen DNA that complemented the hisA mutation of E. coli (4, 6). Since the hisA-complementing activity was efficiently expressed regardless of the orientation of the cloned DNA fragment within the vector, it seemed likely that the methanogen DNA harbored sequences that were recognized as signals for both transcription and translation. That methanococcal DNA would contain signals for initiation ofan early step in translation in E. coli was expected because these methanococci have the sequence A-U-C-A-C-C-U-C-C at the 3' end of their 16S rRNA (1), which is similar to that found at the 3' end of E. coli 16S rRNA (7). This sequence is believed to be important for initial binding of ribosomes to mRNA molecules (8).
Methanogens are members of the archaebacteria, a group of prokaryotic organisms exhibiting several properties that are distinct from those seen in either eubacteria or eukaryotes (1, 2) . Therefore, it was somewhat surprising when it was found that DNA cloned from several methanogenic species could complement auxotrophic mutations in Escherichia coli, Bacillus subtilis (3) (4) (5) (6) , and Salmonella typhimurium (unpublished results) . In the case of two methanogens of the genus Methanococcus (vannielii and voltae), it was possible to clone methanogen DNA that complemented the hisA mutation of E. coli (4, 6) . Since the hisA-complementing activity was efficiently expressed regardless of the orientation of the cloned DNA fragment within the vector, it seemed likely that the methanogen DNA harbored sequences that were recognized as signals for both transcription and translation. That methanococcal DNA would contain signals for initiation ofan early step in translation in E. coli was expected because these methanococci have the sequence A-U-C-A-C-C-U-C-C at the 3' end of their 16S rRNA (1) , which is similar to that found at the 3' end of E. coli 16S rRNA (7) . This sequence is believed to be important for initial binding of ribosomes to mRNA molecules (8) .
Since both M. voltae and M. vannielii have an overall base composition of --70% A+T (1), they should statistically contain those high A+T-rich sequences that often function as promoters in prokaryotes. Whether similar A+T-rich sequences are used as promoters for recognition by methanogen DNA-dependent RNA polymerases is currently unknown. The subunit composition of RNA polymerases from archaebacteria more closely resembles eukaryotic RNA polymerase II than eubacterial RNA polymerase (9) , and thus archaebacterial promoters may well be eukaryotic rather than prokaryotic in their sequence organization.
To better understand the molecular basis for expression of the hisA-complementing methanogen genes in E. coli and to provide basic information for (4) ] were cloned into the bacteriophage vectors M13 mp8 and M13 mp9 as described by Messing (10) with minor modifications and sequenced using the method of Sanger et al. (11) . In the case of M. vannielii, DNA derived from the plasmid pET805 (6) was sequenced by the Maxam and Gilbert technique (12) .
RESULTS
Organization of his-Complementing Regions. Analysis of the nucleotide sequence of M. voltae and M. vannielii complementing DNA revealed a similar organization (Fig. 1 (Mr 25, 694) . The ORFHisA in M. voltae is followed by a 108-base-pair (bp) noncoding region (i.e., containing no ORF) that precedes an ORF (ORF3 in Fig. 1 for an additional 648 nucleotides to the site at which the methanogen DNA was ligated to the pUC8 vector (unpublished results). Thus, at present we are unable to ascertain the total size of ORF1. Sequence information is not available for this region of M. voltae DNA.
To achieve maximum homology in the ORFi sequences, it was necessary to include several gaps in either one or the other sequence. Such gaps may represent additions or deletions in the evolutionary divergence from a common sequence. A more speculative possibility is that they represent introns or vestiges of introns which, if spliced out, would generate more similar mRNA species. In contrast to the ORFi and hisA structural gene, the right-most ORF sequences (ORF3) show very little nucleotide or amino acid sequence homology (data not shown).
Codon Usage. As expected from the DNA sequence analysis, there is a strong preference (76% for M. voltae and 81% for M. vannielii) for codons ending in A or U. This is reflected in a pattern of codon usage ( Table 1) that is quite distinct from that found in E. coli (15) , which has a G+C content of 51% (16) . For example, whereas E. coli prefers CUG to specify leucine, this codon is used little in either methanococcal ORF. The ACA triplet codon, which is the least-used threonine codon in E. coli, is the most frequent one used in the methanogen genes. Other notable differences are observed in the usage of AUA, AGA, CCG, CAG, AAC, and CGC codons. The dinucleotide C-G is rarely used in the methanococcal genes (found in only 17 codons of 1276 analyzed in Table 1 ).
Transcription Signals and Repeat Sequences. The nucleotide sequences 5' to both hisA genes were compared in the hope of identifying common sequences that might represent promoters or other signals necessary for transcription (Figs. 5 and 6). Although cloning and subcloning experiments indicated that transcription must initiate in this region in E. coli, we have no information as to whether transcription is actually initiated in this region in methanococcal cells. Examination of the M. voltae DNA did reveal, however, sequences that resemble prokaryotic promoters. The M.
voltae sequences beginning at nucleotides -84 (T-T-G-T-A-T..N17..T-A-T-A-A-T) and -77 (T-T-G-A-T-A..N21..T-A-T-A-A-T) are similar to the consensus sequence of E. coli promoters: T-T-G-A-C-A..N1521.-.T-A-T-A-A-T (refs. 17 and
18; N = any nucleotide). Because we found that a 334-bp restriction fragment that includes the entire region between ORF1 and hisA is capable of promoting expression of an E. coli gene (galK) when inserted in the appropriate orientation (-35 consensus, -10 consensus, galK structural gene) in the pKO1 promoter-detection vector system of Rosenberg et al. (14) is indicated by the overlining and underlining of the putative nucleotide sequences. (Fig. 6) 
.N15 .T-T-A-A-A-T).
We also compared the sequences in the region upstream The intergenic regions between ORF1 and ORFHisA from the ORF3s described in Fig. 1 (data not shown) . In the contain striking repetitive sequences. The M. voltae region case ofM. voltae, a good promoter fit (T-T-G-A-T-A. .N22. .Tcontains three perfect repeats and one imperfect repeat A-T-A-A-T) was found no but ribosome binding sequence. In T-A-T-A-A-T-A-G-A-A-T starting at position -61 (Fig. 5) (Fig. 6) . The 
DISCUSSION
The taxonomy of methanogens and other archaebacteria is, of necessity, still in its infancy and is based for the most part on a binary comparison of 16S RNA oligonucleotide catalogs (1, 20) . This study provides the opportunity to estimate the evolutionary distance between two related archaebacterial species by using a comparison of the nucleotide sequence of protein-encoding genes. With the enteric group for comparison, the methanococcal hisA (67% homologous) genes would seem to have diverged to a greater extent than genes among this eubacterial group. When comparisons are made of the DNA sequences of all five trp genes in the trp operons of E. coli and S. typhimurium, their homologies range from 75% to 84% (21) . The trpA gene of Klebsiella aerogenes is 77% and 75% homologous in nucleotide sequence to E. coli and S. typhimurium, respectively (22) . However, the methanococcal hisA genes are more closely related than are the E. coli and B. subtilis trpD genes (44% homologous). As a further example, the E. coli ompA gene nucleotide sequence is highly related to that of S. typhimurium (90%), Enterococcus aerogenes (85%), Serratia marcescens (78%), and Shigella (1, 24) . Although these results raise the question as to whether M. voltae and M. vannielii should be considered as organisms of distinct genera, any reassessment will have to await further comparisons with each other, related methanococci, and other methanogens.
